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FORE WORD 
The r e s e a r c h  e f f o r t  desc r ibed  i n  t h i s  f i n a l  r e p o r t  was performed by Northrop Space 
L a b o r a t o r i e s  f o r  t h e  Propuls ion  and Vehicle Engineer ing  Laboratory of  George C. 
Marshal l  Space F l i g h t  Center  under Contract  NAS8-20116. 
two volumes. 
Volume XI p r e s e n t s  a d e t a i l e d  d e s c r i p t i o n  of t h e  e n t i r e  r e sea rch  e f f o r t .  
Randolph and M r .  W. B. McAnelly of t h e  Fluid Mechanics and Thermodynamics Branch, 
Propuls ion  Div i s ion ,  served as t h e  Cont rac t ing  O f f i c e r ' s  Represen ta t ives  f o r  t h e  
The r e p o r t  is composed of  
The f i r s t  volume r e p r e s e n t s  a sumnary of t h e  results of  t h e  i n v e s t i g a t i o n .  
M r .  W. 0. 
s tudy .  
I n  a d d i t i o n  t o  those  personnel  appearing a s  co-authors  of t h i s  r e p o r t ,  several , 
o t h e r  i n d i v i d u a l s  made s i g n i f i c a n t  con t r ibu t ions .  D r .  E. Azmon served  as an  a d v i s o r  
on matters r e l a t i n g  t o  t h e  l u n a r  s u r f a c e  and t h e  c h a r a c t e r i z a t i o n  and p r e p a r a t i o n  o f  
s imula t ed  l u n a r  dus t .  Mr. C. L. Densmore was r e s p o n s i b l e  for a l l  des ign  work per-  
t a i n i n g  t o  t h e  d u s t  removal /prevent ion concepts  and experimental  models. M r .  E. W. 
B e n t i l l a  provided sugges t ions ,  based on heat  t r a n s f e r  c o n s i d e r a t i o n s ,  re la t ive  t o  
t h e  t e s t  appa ra tus  and t h e  des ign  of  t h e  experiment. 
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TECHNICAL SUMMARY REPORT 
Cont rac t  NAS8-20116 
LUNAR DUST DEGRADATION EFFECTS 
AND REMOVAL/PREVENTION CONCEPTS 
BY 
Frank B. Tatom 
D r .  R. D. Johnson 
Vanja Srepe l  
N. A. Contaxes 
B. L. Cline  
Northrop Space Labora tor ies  
ABSTRACT 
The r e p o r t  p r e s e n t s  t h e  r e s u l t s  of a r e sea rch  e f f o r t  t o  
of r a d i a t o r  s u r f a c e s  due t o  contaminat ion by s imula ted  lunar  
I 
I 
determine t h e  degrada t ion  
d u s t  and t o  develop I 
I 
methods of removing o r  p reven t ing  t h e  accumulation of dus t  on r a d i a t o r  s u r f a c e s .  
S p e c t r a l  and t o t a l  s o l a r  absorp tance  va lues  o f  S-13 and aluminized Tef lon  thermal 
c o n t r o l  c o a t i n g s  a r e  p re sen ted  f o r  v a r i o u s  degrees  of b a s a l t  d u s t  contaminat ion and 
a t  two d i f f e r e n t  ang le s  of inc idence .  Both s p e c t r a l  and t o t a l  i n f r a r e d  emi t tance  
va lues  f o r  S-13 and aluminized Teflon a r e  provided f o r  v a r i o u s  loads  of dus t  coverage. 
The des igns  of  s e v e r a l  dev ices  f o r  removing o r  prevent ing  dus t  accumulat ion 
a r e  p re sen ted  along wi th  t e s t  r e s u l t s  based on performance t e s t i n g  of  t h e s e  devices .  
The dev ices  t e s t e d  inc lude  a j e t  c l ean ing  device ,  a v i b r a t i n g  s u r f a c e  device,and a 
mechanical b rush  device .  
The r e p o r t  i n d i c a t e s  t h a t  dus t  contaminat ion,  even a t  a r e l a t i v e l y  low l e v e l ,  
can  produce s i g n i f i c a n t  i n c r e a s e s  i n  t h e  s o l a r  absorp tance  of a thermal  c o n t r o l  
coa t ing .  There i s  i n d i c a t i o n ,  based on the experimental  r e s u l t s  r e p o r t e d  t h a t  t h e  
u s e  o f  a n  incompress ib le  f l u i d  j e t  i s  t h e  most promising method of removing dus t  
o f  t hose  dev ices  t e s t e d .  
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SECTION I 
INTRODUCTION 
Northrop Space L a b o r a t o r i e s ,  H u n t s v i l l e ,  Alabama, and Northrop Systems 
L a b o r a t o r i e s ,  Hawthorne, C a l i f o r n i a ,  under Contract  NAS8-20116 wi th  t h e  Pro- 
p u l s i o n  and Vehic le  Engineer ing Labora tory  of Marsha l l  Space F l i g h t  Center ,  
have been engaged i n  a r e sea rch  e f f o r t  concerned wi th  determining t h e  e f f e c t  
of  dus t  on r a d i a t o r  s u r f a c e s  and developing methods f o r  p reven t ing  o r  r e -  
moving accumulat ions of  dus t  from such sur faces .  The r e s u l t s  of t h i s  i n -  
v e s t i g a t i o n  a re  summarized i n  t h i s  volume of t h e  f i n a l  r e p o r t .  S e c t i o n  I1 
of  t h i s  volume p rov ides  a b r i e f  d i s c u s s i o n  of  t h e  i n v e s t i g a t i o n  r e l a t i n g  t o  
t h e  degrada t ion  of a r a d i a t o r  s u r f a c e  due t o  dus t .  Sec t ion  I11 prov ides  a 
summary of t h a t  p o r t i o n  of t h e  r e s e a r c h  e f f o r t  devoted t o  t h e  development 
of  t echn iques  f o r  p reven t ing  o r  removing dust  from a r a d i a t o r  s u r f a c e  i n  a 
s imula ted  l u n a r  environment. Conclusions and recommendation based on t h e  
r e s u l t s  of t h e  i n v e s t i g a t i o n  a r e  p re sen ted  i n  Sec t ion  IV. A more d e t a i l e d  
d e s c r i p t i o n  o f  t h e  r e sea rch  e f f o r t  i s  provided i n  Volume I1 of t h e  f i n a l  
r e p o r t .  
1-1 
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SECTION I1 
DUST DEGRADATION OF SURFACE PROPERTIES 
T h i s  phase  of  t h e  i n v e s t i g a t i o n  was d i r e c t e d  toward e s t a b l i s h i n g  t h e  
e f f e c t s  of d u s t  on t h e  thermal  r a d i a t i o n  p r o p e r t i e s  of r a d i a t o r  s u r f a c e s .  
The major g o a l  of  t h i s  work w a s  t o  e s t a b l i s h  t h e  manner i n  which t h e  s p e c t r a l  
and t o t a l  s o l a r  a b s o r p t i v i t y  and i n f r a r e d  emis s iv i ty  v a r i e d  wi th  t h e  amount 
of dus t  contaminat ion.  Also  t h e  v a r i a t i o n  of s o l a r  a b s o r p t i v i t y  wi th  ang le  
of inc idence  w a s  of i n t e r e s t .  
A number of d i f f e r e n t  t ypes  of dus t  m a t e r i a l s  and thermal  c o n t r o l  c o a t i n g s  
were cons idered  f o r  t e s t i n g .  Candidates  f o r  t h e  dus t  m a t e r i a l ,  based on a 
l i t e r a t u r e  survey ,  inc luded  g r a n i t e ,  b a s a l t ,  t e k t i t e ,  and ch rond i t e .  From t h e s e  
m a t e r i a l s  b a s a l t  was u t ima te ly  s e l e c t e d .  
Thermal c o n t r o l  coa t ings  which w e r e  considered inc luded  two pigmented 
composi t ions,  S-13 and 2-93, and two second-surface m i r r o r s ,  a luminized 
Tef lon  and c l e a r  s i l i c o n e .  
c o n t r o l  c o a t i n g  t o  be t e s t e d  wi th  a l i m i t e d  amount o f  work being c a r r i e d  out  
on aluminized Tef lon  and a very  s m a l l  amount on c l e a r  s i l i c o n e .  The 2-93 
coa t ing  w a s  n o t  t e s t e d  because of i t s  h igh  p o r o s i t y  (which would have rendered  
most dust-removal concepts  i m p r a c t i c a l )  and because of some d i f f i c u l t i e s  
a s s o c i a t e d  w i t h  i t s  a p p l i c a t i o n  t o  t h e  t es t  pane l s .  Not ice  should be  taken  
t h a t  t h e  s e l e c t i o n  of S-13 a s  t h e  primary t e s t  c o a t i n g  w a s  n o t  based on i t s  
s u p e r i o r i t y  t o  o t h e r  thermal coa t ings .  Ins tead ,  i t s  s e l e c t i o n  was designed t o  
provide  a r e p r e s e n t a t i v e  thermal  c o n t r o l  coa t ing  wi th in  t h e  c u r r e n t  s t a t e - o f -  
t h e - a r t .  
U l t ima te ly  S-13 w a s  s e l e c t e d  as t h e  pr imary thermal 
Basalt d u s t  w a s  ob ta ined  by means of  a g r ind ing  o p e r a t i o n  invo lv ing  g r ind ing  
t h e  b a s a l t  p a r t i c l e s  a g a i n s t  themselves i n  a s p e c i a l  rubbe r - l i ned  m i l l  t o  
minimize any contaminat ion from f o r e i g n  media. 
s i eved  by means of  a s ieve-shaker  appara tus  through a s e r i e s  of s c r e e n s  t o  o b t a i n  
f r a c t i o n s  i n  s p e c i f i c  p a r t i c l e  s i z e  ranges.  
The b a s a l t  powder was then  . 
The f r a c t i o n s  t h u s  ob ta ined  were: 
2-1 
l a r g e r  t han  50% , 
50011 t o  25011, 
25OU t o  12511, 
12511 t o  10511 y 
105P t o  . 7 4 ,  
7 4  t o  6 2 ~ 1 ,  
62P t o  5311, 
531.1 t o  4 4 ,  
441.1 t o  3711, 
l and sma l l e r  than 371.1. 
E a r l y  i n  t h e  experimental  work, t h e  percentage of s u r f a c e  covered by dus t  
proved t o  be t h e  pr imary f a c t o r  i n  t h e  degradat ion of t h e  s u r f a c e  p r o p e r t i e s .  
N e i t h e r  p a r t i c l e  s i z e  d i s t r i b u t i o n  nor  t h e  t o t a l  weight of t h e  dus t  proved 
t o  be s i g n i f i c a n t  parameters .  For  t h i s  reason,  it became unnecessary t o  c o n t r o l  
p a r t i c l e  s i z e  d i s t r i b u t i o n  as a n  experimental  parameter  i n  t h e  measurement of 
s o l a r  absorp tance  and i n f r a r e d  emit tance.  
I Appl i ca t ion  of t h e  dus t  t o  t h e  thermal  c o n t r o l  s u r f a c e  was accomp-lished 
by a dry  d u s t i n g  p r o c e s s  which r e s u l t e d  i n  ind iv idua l  p a r t i c l e s  and groups 
of  p a r t i c l e s  " s t i c k i n g "  t o  t h e  su r face .  Measurement of d u s t  coverage w a s  
accomplished by a count ing  technique  under a microscope w i t h  a c a l i b r a t e d  
g r i d  o f  20 by 20 squares .  The p o r t i o n  o f  each square covered by dus t  was 
d e t e ' r m i m d  and t h e  average  p o r t i o n  over  t h e  400 w a s  then  obta ined .  
v a l u e  was then  used a s  t h e  f r a c t i o n  of dus t  coverage of t h e  su r face .  
1 
I 
This  average  
While no p r e c i s e  dus t  removal experiments were conducted as  p a r t  of t h e  
It was observed d u s t i n g  p rocess ,  a number of gene ra l  observa t ions  were made. 
t h a t  l a r g e r  s i z e  p a r t i c l e s  (over  5011 ) were e a s i l y  removed by a s l i g h t  t a p  of 
t h e  sample i n  t h e  v e r t i c a l  p o s i t i o n  o r  by a low-veloc i ty  g a s  j e t .  It was 
concluded, on t h e  b a s i s  of exper imenta l  measurements, t h a t  t h e  r e s i d u a l  dus t  
contaminat ion ,  a f t e r  t app ing  o r  blow-off with a gas  j e t ,  depended p r i m a r i l y  on 
t h e  i n i t i a l  amount of f i n e s  ( p a r t i c l e s  w i th  d iameters  below 211 1. 
b a s a l t  dus t  used, t h e  amount of s u r f a c e  covered by f i n e s  w a s  g e n e r a l l y  below 
10 pe rcen t .  
For t h e  
2 - 2  
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The p r i n c i p a l  experimental  parameters  which were v a r i e d  dur ing  t h e  measurement 
o f  s o l a r  abso rp tance  and i n f r a r e d  emit tance were t h e  f r a c t i o n  of s u r f a c e  covered 
by dus t  and t h e  a n g l e  of inc idence  ( f o r  so la r  absorp tance  on ly ) .  A l l  s o l a r  
abso rp tance  measurements were made w i t h  a Gier-Dunkle i n t e g r a t i n g  sphere  r e f l e c t o -  
me te r  i n  t h e  spectral  range from 0.3+ t o  2.45~1. All i n f r a r e d  emi t tance  measure- 
ments were c a r r i e d  ou t  w i th  a Perkin-Elmer spectrophotometer  over  a s p e c t r a l  
I 
I 
I range  of 5 t o  1% wi th  a black-body energy d i s t r i b u t i o n  of 395'K. 
I 
I Both s p e c t r a l  and t o t a l  s o l a r  absorp tance  were measured f o r  undusted samples 
o f  S-13, a luminized  Tef lon ,  and c l e a r  s i l i c o n e .  I n  a d d i t i o n ,  t h e s e  same two 
r a d i a t i v e  c h a r a c t e r i s t i c s  were measured f o r  S-13 and aluminized Teflon f o r  
v a r i o u s  f r a c t i o n s  of dus t  coverage up t o  1.0 and a t  two ang le s  of inc idence  
(20° and 75O). 
corresponding t o  dus t  coverage f r a c t i o n  of 0.35 and an a n g l e  of inc idence  of 
20'. I n  a l l  c a s e s  both  s p e c t r a l  and t o t a l  absorp tance  i n  t h e  s o l a r  spectrum 
inc reased  w i t h  i n c r e a s i n g  dus t  coverage. The e f f e c t  w a s  non l inea r  i n  t h a t  a 
s m a l l  f r a c t i o n  of dus t  coverage (-0.10) produced l a r g e  pe rcen tage  i n c r e a s e s  i n  
t o t a l  s o l a r  absorp tance  (-90 p e r c e n t ) .  Af te r  t h e  i n i t i a l  r a p i d  i n c r e a s e ,  t h e  
curve  of t o t a l  s o l a r  absorp tance  v e r s u s  dust coverage f l a t t e n e d  out  and ended 
when dus t  coverage f r a c t i o n  reached 1.0 with a va lue  of s o l a r  absorp tance  
approximately equal  t o  t h a t  of  t h e  dus t .  
ranged from -0.19 (no d u s t )  t o  -0.85 (100-percent dus t  coverage) .  For 
a luminized Tef lon  t h e  range was -0.21 t o  -0.86. 
I 
For t h e  c l e a r  s i l i c o n e ,  only one d a t a  p o i n t  was ob ta ined ,  
For S-13 t o t a l  absorp tance  v a l u e s  
A s  t h e  a n g l e  of  inc idence  inc reased ,  with dus t  p r e s e n t  on t h e  s u r f a c e ,  
t o t a l  s o l a r  absorp tance  inc reased  f o r  both S-13 and aluminized Teflon.  The 
amount of i n c r e a s e  v a r i e d  wi th  t h e  f r a c t i o n  of  dus t  coverage,but  l a r g e r  
i n c r e a s e s  tended  t o  occur  when l a r g e r  f r a c t i o n s  of dus t  were p re sen t .  
should be t aken ,  however, t h a t  no test  w i t h  a n g l e  of i nc idence  v a r i a t i o n  
involved  a dus t  coverage f r a c t i o n  g r e a t e r  than  0.5. 
I 
No t i ce  
S p e c t r a l  and t o t a l  i n f r a r e d  emi t tance  measurements were made f o r  uncon- 
tamina ted  samples of  S-13 and aluminized Teflon. 
d u s t  f r a c t i o n s  of  -1.0. The dus t  produced moderate inc reases  i n  i n f r a r e d  
Values were a l s o  o b t a i n e d  wi th  
2-3 
TR- 792 - 7 - 207A 
7 June 1967 NORTHROP SPACE LABORATORIES 
emittance. The values of total infrared emittance were 0.83 for the clean S-13 
and 0.88 with a dust coverage fraction of 1.0. For aluminized Teflon the clean 
sample had a value of 0.85, while with a dust coverage fraction of -0.90 the 
l 
I infrared emittance was 0.92. 
2-4 
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SECTION 111 
DUST REMOVAL/PREVENTION CONCEPTS 
During t h e  second p o r t i o n  of t h e  r e sea rch  e f f o r t  t h e  primary goa l  was t o  
i n v e s t i g a t e  t h e  most promising t echn iques  f o r  removing o r  p reven t ing  dust3accumu- 
l a t i o n  on a r a d i a t o r  s u r f a c e  under l u n a r  environmental  cond i t ions .  
Before proceeding wi th  t h e  conceptual des ign  of d u s t  removal lprevent ion  de- 
vices, a r e p r e s e n t a t i v e  r a d i a t o r  panel m a t e r i a l  and c o n f i g u r a t i o n  had t o  be 
s e l e c t e d .  Based on a l i t e r a t u r e  survey of r a d i a t o r  d e s i g n s  f o r  c u r r e n t  space 
systems t h e  d e c i s i o n  was reached t o  use aluminum a l l o y  2024T4 f o r  t h e  panel 
m a t e r i a l .  A square ,  f l a t  s u r f a c e  w a s  e s t a b l i s h e d  a s  t h e  s t anda rd  shape,with a 
s imula t ed  f inned- tube  ( n o n - f l a t )  r a d i a t o r  panel s u r f a c e  t o  be t e s t e d  f o r  any 
concept which appeared s e n s i t i v e  t o  r a d i a t o r  s u r f a c e  geometry. Because of 
exper imenta l  c o n s i d e r a t i o n s  t h e  s i z e  o f  t he  t e s t  panel was e s t a b l i s h e d  a t  15.4 
cm by 15.4 cm. 
Basalt d u s t  w a s  s e l e c t e d  f o r  u s e  a s  t h e  s imula ted  l u n a r  dus t ,wh i l e  S-13 was 
e s t a b l i s h e d  a s  t h e  thermal c o n t r o l  coa t ing  t o  be used on t h e  r a d i a t o r  pane l .  
I A l i t e r a t u r e  survey was conducted t o  de te rmine  p rev ious  d u s t  removal /prevent ion  
I concepts .  The on ly  s i g n i f i c a n t  i t e m  uncovered a s  a r e s u l t  of t h i s  survey concerned 
u l t r a - h i g h  vacuum c o n d i t i o n s  (- lolo t o r r ) .  
I t h e  use  of a n  impact dev ice  t o  v i b r a t e  o r  shake d u s t  l oose  from a s u r f a c e  under 
A t o t a l  of e i g h t  d i f f e r e n t  concepts  were cons idered  f o r  a p p l i c a t i o n  t o  t h e  
program. These concepts  were a s  fo l lows :  
e Brush - The s u r f a c e  i s  wiped c l ean  of dus t  by t h e  sweeping a c t i o n  of a 
moving brush. 
e E l e c t r o s t a t i c  C u r t a i n  - An e l e c t r o s t a t i c a l l y  charged c u r t a i n  sweeps over  
t h e  s u r f a c e  l i g h t l y  and removes the  d u s t  p a r t i c l e s  i f  t hey  posses s  a n  
e l e c t r o s t a t i c  charge. 
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e E l e c t r o s t a t i c  S u r f a c e  - Charged p a r t i c l e s  are  d r i v e n  o f f  t h e  s u r f a c e  by 
a cont inuous ly  v a r y i n g  s i n u s o i d a l  e l e c t r o s t a t i c  f o r c e  f i e l d  which i s  gen- 
e r a t e d  by e lec t r ica l  conductors  embedded i n  t h e  thermal c o n t r o l  coa t ing .  
0 J e t  and S h i e l d  - A t r a n s p a r e n t  s h i e l d  p r e v e n t s  d u s t  from c o l l e c t i n g  on 
t h e  r a d i a t o r  s u r f a c e  and a h i g h - v e l o c i t y  g a s  j e t  blows t h e  d u s t  p a r t i c l e s  
o f f  t h e  s h i e l d .  
0 Jet and S u r f a c e  - A h i g h - v e l o c i t y  g a s  j e t  blows t h e  d u s t  p a r t i c l e s  o f f  
t h e  r a d i a t o r  s u r f a c e .  
e Spinning S h i e l d  - A sp inning ,  t r a n s p a r e n t  s h i e l d  prevents  d u s t  from 
c o l l e c t i n g  on t h e  r a d i a t o r  s u r f a c e  w h i l e  i t s  sp inning  a c t i o n  s l i n g s  t h e  
d u s t  o f f  i t s  own s u r f a c e .  
0 V i b r a t i n g  S h i e l d  - A v i b r a t i n g , t r a n s p a r e n t  s h i e l d  p r e v e n t s  c o l l e c t i o n  
of  d u s t  on t h e  r a d i a t o r  s u r f a c e  and i s  k e p t  f r e e  of d u s t  by t h e  v i b r a t i n g  
a c t i o n  which t e n d s  t o  bounce t h e  d u s t  p a r t i c l e s  o f f  t h e  s h i e l d .  
e V i b r a t i n g  Surface  - The r a d i a t o r  s u r f a c e  i t s e l f  i s  v i b r a t e d  and t h i s  
a c t i o n  t e n d s  t o  bounce t h e  d u s t  p a r t i c l e s  o f f  t h e  r a d i a t o r  s u r f a c e .  
A s  p a r t  o f  t h e  b a s i c  conceptual  design phi losophy,  t h e  d e v i c e s  were t o  b e  
compatible  t o  one a n o t h e r  wi th  r e g a r d  t o  in te rchange  of  p a r t s  o r  p o s s i b l e  
combination of  devices .  
e f f i c i e n c y  dur ing  model f a b r i c a t i o n  and t e s t i n g .  
This  philosophy permi t ted  g r e a t e r  f l e x i b i l i t y  and 
Performance parameters  f o r  grad ing  o r  comparing t h e  e i g h t  concepts  were e s t a b -  
l i s h e d .  The performance parameters  were d i v i d e d  i n t o  two c a t e g o r i e s :  experimental  
and o p e r a t i o n a l .  The experimental  parameters r e f l e c t  t h e  f e a s i b i l i t y  of c a r r y i n g  
o u t  a tes t  program wi th  experimental  models o f  t h e  concepts .  The o p e r a t i o n a l  
parameters  a r e  concerned w i t h  t h e  p r a c t i c a l i t y  of  a p a r t i c u l a r  concept f o r  a n  
o p e r a t i o n a l  system on t h e  Moon. These parameters were subdivided i n t o  two groups: 
o p e r a t i o n a l  f a c t o r s  and o p e r a t i o n a l  cons idera t ions .  E s s e n t i a l l y  t h e  o p e r a t i o n a l  
f a c t o r s  were t h o s e  parameters  which were more q u a n t i t a t i v e  i n  n a t u r e ,  w h i l e  t h e  
o p e r a t i o n a l  c o n s i d e r a t i o n s  were t h o s e  which were more q u a l i t a t i v e .  
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Performance m a t r i c e s  were developed t o  p r e s e n t  t h e  grades  ass igned  t o  each 
d e v i c e  f o r  each parameter.  
ments  f o r  each device  were given s p e c i a l  a t t e n t i o n .  
I n  t h e s e  performance matrices, mass and power r e q u i r e -  
A p r e s e n t a t i o n  of t h e  r e l a t i v e  m e r i t s  of  t h e  e i g h t  concepts  was made t o  MSFC 
personnel  on 29 June 1966. 
P r o p u l s i o n  and Vehic le  Engineer ing Laboratory,  Aero/Astrodynamics Laboratory,  and 
Advanced Systems O f f i c e ,  a long  w i t h  Northrop personnel .  Sketches of  a l l  e i g h t  
concepts  were d e l i v e r e d  t o  t h e  NASA Technical R e p r e s e n t a t i v e  a t  t h i s  meeting. 
Attending t h i s  meet ing were r e p r e s e n t a t i v e s  from t h e  
Based on a j o i n t  d e c i s i o n  by NASA and Northrop, t h e  v i b r a t i n g  s u r f a c e  was 
a s s i g n e d  p r i o r i t y  No. 1. The j e t  and s h i e l d  w a s  a s s i g n e d  p r i o r i t y  No. 2 ,while  
t h e  brush  o p e r a t i n g  on t h e  t r a n s p a r e n t  s h i e l d  was g i v e n  p r i o r i t y  No. 3 .  These 
t h r e e  d e v i c e s  were d e f i n i t e l y  t o  be  t e s t e d .  The e l e c t r o s t a t i c  c u r t a i q w h i c h  was 
f o u r t h  i n  p r i o r i t y , w a s  t o  b e  t e s t e d  providing t i m e  and funds  permit ted.  
Based on t h e  p r i o r i t y  e s t a b l i s h e d ,  working drawings were developed f o r  t h e  
f i r s t  t h r e e  concepts .  For t h e  v i b r a t i n g  s u r f a c e ,  p r o v i s i o n  was made f o r  e i t h e r  
a mechanical v i b r a t o r  o r  a p i e z o e l e c t r i c  o s c i l l a t o r  t o  be used a s  t h e  source  of  
v i b r a t i o n .  For t h e  j e t  and s h i e l d  device,  t h e  des ign  permi t ted  t h e  u s e  of  e i t h e r  
compress ib le  o r  incompress ib le  f l u i d s .  A number o f  d i f f e r e n t  m a t e r i a l s  w e r e  con- 
s i d e r e d  f o r  t h e  t r a n s p a r e n t  s h i e l d .  Evalua t ion  of t h e  r e l a t i v e  performance o f  
such m a t e r i a l s  r e s u l t e d  i n  t h e  s e l e c t i o n  of a r s e n i c  t r i s u l f i d e  f o r  t h e  s h i e l d  
m a t e r i a  1. 
For t h e  mechanical brush  device ,  t h e  d e s i g n  p e r m i t t e d  t h e  t e s t i n g  of  more 
t h a n  one brush  m a t e r i a l  f o r  wiping t h e  t e s t  p l a t e  o r  s h i e l d .  The e l e c t r o s t a t i c  
c u r t a i n  d e s i g n  c o n s i s t e d  o n l y  o f  a s p e c i a l  s l o t t e d  i n s e r t  which was t o  b e  
connected t o  a h igh-vol tage  g e n e r a t o r  and t o  be  used wi th  t h e  mechanical brush 
d e v i c e  . 
A s  p r e v i o u s l y  noted ,  15.4-cm square aluminum p l a t e s  were s e l e c t e d  f o r  u s e  
a s  t h e  r a d i a t o r  panel .  These p l a t e s  were of two t y p e s ,  f l a t  and n o n - f l a t .  On 
t h e  n o n - f l a t  p l a t e s ,  2 h a l f - c y l i n d r i c a l  humps pro t ruded  from a n  o t h e r w i s e  f l a t  
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s u r f a c e ,  t o  s i m u l a t e  t h e  t o p  of a f i n - t u b e  r a d i a t o r  s u r f a c e .  The d e s i g n  o f  
t e s t  p l a t e s  c a l l e d  f o r  t h e  upper f a c e  t o  b e  c o a t e d  w i t h  S-13 p a i n t  w h i l e  t h e  
lower f a c e  was t o  b e  coa ted  wi th  a spray-on r e s i s t a n c e  h e a t i n g  m a t e r i a l .  
F a b r i c a t i o n  of  t h e  f i r s t  t h r e e  devices  w a s  performed by Metal Research,  Inc.  
Because of  l a c k  of funds ,  t h e  e l e c t r o s t a t i c  d e v i c e  was never  f a b r i c a t e d .  The 
I spray-on h e a t e r  c o a t i n g s  f o r  t h e  t es t  p l a t e s  were a p p l i e d  by E l e c t r o f i l m ,  Inc.  
The S-13 c o a t i n g s  f o r  t h e  same p l a t e s  were a p p l i e d  by Northrop. P i e z o e l e c t r i c  
c r y s t a l s  were suppl ied  by Gulton I n d u s t r i e s ,  Inc.  The a r s e n i c - t r i s u l f i d e  g l a s s  
was o b t a i n e d  from Servo Corpora t ion  of America and n o z z l e s  f o r  bo th  compress ib le  
and incompress ib le  f l u i d s  were o b t a i n e d  from Spraying Systems Go. 
l 
I n  t e s t i n g  t h e  d u s t  removal /prevent ion d e v i c e s ,  t h e  b a s i c  phi losophy was 
I t o  c a r r y  o u t  simple p r e l i m i n a r y  t es t s  under a tmospheric  c o n d i t i o n s ,  fol lowed 
by t es t s  a t  low p r e s s u r e  w i t h o u t  a h e a t  load i n  a b e l l  j a r  o r  vacuum chamber. 
Based on t h e  r e s u l t s  from t h e s e  two t y p e s  of t e s t s ,  t h e  f i n a l  t e s t s  of each 
d e v i c e s  were c a r r i e d  o u t  i n  a vacuum chamber w i t h  a h e a t  load.  
~ Because of  d e l a y s  encountered i n  r e c e i v i n g  c e r t a i n  p a r t s  of  t h e  a p p a r a t u s ,  
t h e  a c t u a l  o r d e r  of t e s t i n g  was: 
I 
1) j e t  concept 
2) v i b r a t o r  concept 
I 3) brush  concept 
I 4 )  e l e c t r o s t a t i c  concept (pre l iminary  only) .  
The f i n a l  performance t e s t i n g  of each device  was c a r r i e d  o u t  i n  N o r t h r o p ' s  
3 . 6 5 -  by 2.13-meter space chamber. Chamber w a l l  temperature  f o r  such t e s t s  w a s  
main ta ined  a t  80°K by means of l i q u i d  n i t rogen .  Chamber p r e s s u r e  ranged from 
t o  t o r r .  S o l a r  s i m u l a t i o n  was suppl ied  by a S t rong  Elec t r ic  Corpora t ion  
carbon-arc  lamp. 
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The t e s t  p l a t e s  were thermal ly  i n s u l a t e d  from t h e i r  surroundings except  on 
t h e i r  upper f a c e  which r e p r e s e n t e d  t h e  t e s t  s u r f a c e .  Chromel-constantan thermo- 
c o u p l e s  were used t o  measure e q u i l i b r i u m  temperature  of  t h e  p l a t e .  
s h i e l d  w a s  mounted 4.5 cm above t h e  p l a t e .  The s h i e l d  temperature  w a s  measured 
by means of  chromel-constantan thermocouples. 
When u s e d , t h e  
An i n i t i a l  c a l i b r a t i o n  t e s t  r u n  was c a r r i e d  o u t  t o  e s t a b l i s h  t h e  tempera ture  
d i s t r i b u t i o n  of  t h e  t e s t  p l a t e  and t h e  cons is tency  of  t h e  t e s t  d a t a .  T h i s  C a l i -  
b r a t i o n  r u n  i n d i c a t e d  t h a t  t h e  t e s t  p l a t e  was e s s e n t i a l l y  i so thermal .  The d a t a  
appeared c o n s i s t e n t  and t h e  experimental  a p p a r a t u s  was cons idered  ready f o r  t h e  
performance t e s t s . 
An o r i g i n a l l y  conceived,  t h e  j e t  concept w a s  t o  be  a p p l i e d  t o  c l e a n i n g  t h e  
t r a n s p a r e n t  s h i e l d .  Because of  t h e  design o f  t h e  experimental  device,  however, 
i t  w a s  p o s s i b l e  t o  conduct t e s t s  w i t h  t h e  j e t  c l e a n i n g  e i t h e r  t h e  s h i e l d  o r  t h e  
p l a t e .  A s  a r e s u l t  t e s t  r u n s  f o r  bo th  combinations were c a r r i e d  o u t .  
E a r l y  t e s t  r e s u l t s  i n d i c a t e d  t h a t  an incompress ib le  f l u i d  was more e ' f f i c i e n t  
t h a n  a compressible  f l u i d  f o r  removing dust under vacuum condi t ions .  Of t h e  i n -  
compressible  f l u i d s  t e s t e d ,  i n h i b i s o l  (methyl chloroform) proved most e f f e c t i v e  
and t h i s  f l u i d  w a s  used i n  a l l  f i n a l  tes ts  i n v o l v i n g  t h e  j e t  concept.  
o r d i n a r y  g l a s s  and a r s e n i c - t r i s u l f i d e  g l a s s  were used a s  s h i e l d  mater ia ls .  
Both 
The f i n a l  t e s t s  w i t h  t h e  i n h i b i s o l  j e t  concept  involved t h e  use  of  t h e  s o l a r  
s i m u l a t o r  and t h e  r e s i s t a n c e  h e a t e r  and was c a r r i e d  o u t  i n  t h r e e  p a r t s .  
t h e  j e t  was used t o  c l e a n  a dusted S-13 p l a t e  wi thout  a s h i e l d .  
was a p p l i e d  t o  a dus ted  g l a s s  s h i e l d  cover ing  t h e  S-13 p l a t e .  
used t o  c l e a n  a dus ted  a r s e n i c - t r i s u l f i d e  s h i e l d  cover ing  t h e  S-13 p l a t e .  
F i r s t  
Second, t h e  j e t  
F i n a l l y  t h e  j e t  was 
The i n i t i a l  d u s t  coverage f r a c t i o n , b a s e d  on v i s u a l  i n s p e c t i o n ,  f o r  a l l  t h r e e  
A f t e r  j e t  c l e a n i n g  t h e  dust coverage on t h e  S-13 was 0.03 and f o r  r u n s  was 0.25. 
each s h i e l d  t h e  coverage w a s  less  t h a n  0.05. 
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Both t h e  p i e z o e l e c t r i c  c r y s t a l  and a mechanical v i b r a t o r  (Goodman U-47) 
were t e s t e d  dur ing  p r e l i m i n a r y  experiments w i t h  t h e  v i b r a t i n g  s u r f a c e .  The mechani- 
cal  v i b r a t o r ,  used a s  a n  impact device ,  proved t o  be t h e  most e f f e c t i v e  way of 
producing v i b r a t i o n s  i n  t h e  t e s t  p l a t e ,  and t h i s  means of v i b r a t i o n  w a s  used i n  
t h e  f i n a l  performance t e s t  f o r  t h e  v i b r a t i n g  s u r f a c e  device.  I n  t h e  f i n a l  t e s t ,  
i n i t i a l  d u s t  coverage was 0.25 and a f t e r  t e s t i n g  0.23. 
I n i t i a l  performance t e s t s  w i t h  v a r i o u s  m a t e r i a l s  r e s u l t e d  i n  t h e  s e l e c t i o n  o f  
r tyrofoam f o r  t h e  brush m a t e r i a l  t o  be used i n  t h e  mechanical brush.  Other  m a t e r i a l s  
i n i t i a l l y  t e s t e d  inc luded  b r i s t l e s  and cheesec lo th .  Because of  t h e  d i s a p p o i n t i n g  
performance of t h e  a r s e n i c - t r i s u l f i d e  s h i e l d  dur ing  t h e  j e t  and s h i e l d  t e s t s ,  t h e  
d e c i s i o n  was made t o  t e s t  t h e  mechanical brush on t h e  S-13 p l a t e  s u r f a c e  r a t h e r  
t h a n  on t h e  s h i e l d  s u r f a c e .  The d u s t  coverage f o r  t h e  f i n a l  t e s t  of  t h e  mechanical 
brush  was 0.25 b e f o r e  brushing.  A f t e r  brushing t h e  coverage w a s  0.17. 
T i m e  and funding r e s t r i c t i o n s  prevented a complete series of  t e s t s  w i t h  t h e  
e l e c t r o s t a t i c  concept.  Pre l iminary  t e s t s  o f  e l e c t r o s t a t i c  removal were conducted. 
B a s a l t  d u s t  was s ieved  and allowed t o  f a l l  i n  c l o s e  proximity t o  a charged Van de 
Graaf sphere.  The d u s t  p a r t i c l e s  d i d  n o t  a c q u i r e  s u f f i c i e n t  charge  t o  produce any 
e f f e c t .  No movement was observed when t h e s e  p a r t i c l e s  were subsequent ly  placed i n  
c o n t a c t  w i t h  a charged p l a t e .  Based on t h e  pre l iminary  experimental  r e s u l t s ,  i t  
appeared t h a t  a very  h igh  p o t e n t i a l  is  r e q u i r e d  t o  charge t h e  b a s a l t  p a r t i c l e s  t o  
t h e  p o i n t  when they  can be  thrown o f f  a charged p l a t e .  
C o r r e l a t i o n  of p l a t e  temperature  da t a  from t h e  f i n a l  t e s t  r u n s  based 
on thermal network a n a l y s i s  were g e n e r a l l y  s u c c e s s f u l  f o r  t h e  unshie lded  tes t s .  
For t e s t s  involv ing  t h e  a r s e n i c - t r i s u l f i d e  s h i e l d ,  p r e d i c t e d  tempera tures  f o r  t h e  
p l a t e  were c o n s i s t e n t l y  g r e a t e r  (15-25 percent )  t h a n  measured va lues .  T h i s  d i f -  
f e r e n c e  appeared t o  r e s u l t  from e i t h e r  i n a c c u r a t e  v a l u e s  of  t h e  r a d i a t i v e  p r o p e r t i e s  
of  t h e  a r s e n i c  t r i s u l f i d e  o r  some d e f i c i e n c y  i n  t h e  a n a l y t i c a l  model. 
Thermal a n a l y s i s  o f  d a t a  i n d i c a t e d  t h a t  i n  terms of minimizing p l a t e  tempera ture  
under a g iven  h e a t  l o a d  t h e  j e t  and p l a t e  device  was most e f f e c t i v e .  
b rush  was second, t h e  j e t  and a r s e n i c - t r i s u l f i d e  s h i e l d  t h i r d ,  and t h e  v i b r a t o r  
f o u r t h .  
i n  p l a t e  tempera ture ,  b u t  t h e  r e s u l t i n g  p l a t e  tempera ture  was n o t  r a d i c a l l y  i n -  
c r e a s e d  by d u s t  contaminat ion on t h e  sh i e ld .  
The mechanical 
The presence  of  t h e  c l e a n  a r s e n i c - t r i s u l f i d e  s h i e l d  produced a n  i n c r e a s e  
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I The o b j e c t i v e s  of t h e  r e sea rch  e f f o r t  have been: 
0 t o  determine t h e  e f f e c t  of dus t  on r a d i a t o r  s u r f a c e s  and 
0 t o  develop methods f o r  p reven t ing  o r  removing accumulat ions of dus t  from 
such su r faces .  
Based on t h e  r e s u l t s  of t h e  s tudy ,  c e r t a i n  conclus ions  and recommendations may 
be formulated.  
The presence  of b a s a l t  dus t  on e i t h e r  S-13 o r  a luminized Tef lon  thermal  
c o n t r o l  c o a t i n g s  causes  a gene ra l  i n c r e a s e  i n  s p e c t r a l  absorp tance  of t h e  s u r f a c e  
over  a l l  wavelengths  i n  t h e  s o l a r  spectrum. This  i n  t u r n  causes  an i n c r e a s e  
i n  t h e  t o t a l  s o l a r  absorp tance  of t h e  su r face .  The v a r i a t i o n  of t o t a l  s o l a r  
absorp tance  wi th  dus t  contaminat ion i s  non l inea r  i n  na tu re .  A r e l a t i v e l y  s m a l l  
degree  of  contaminat ion ( -10-percent  dus t  coverage) can produce a l a r g e  i n c r e a s e  
i n  s o l a r  absorp tance  ( -90 p e r c e n t ) .  W i t h  dus t  p r e s e n t  on t h e  s u r f a c e ,  t h e  t o t a l  
s o l a r  absorp tance  of t h e  s u r f a c e  tends  t o  i n c r e a s e  w i t h  ang le  of inc idence .  
I The i n f r a r e d  emi t tance  of t h e  b a s a l t  dus t  i s  ve ry  n e a r l y  equal  t o  t h e  
i n f r a r e d  emi t tance  of t h e  thermal  c o n t r o l  coa t ings .  For  t h i s  reason  dus t  con- 
tamina t ion  produces very  l i t t l e  change i n  t h e  va lue  of t h i s  p rope r ty  of t h e  
s u r f  ace.  
The removal o r  prevent ion  of dus t  accumulation on t h e  thermal c o n t r o l  
I s u r f a c e  under s imula ted  luna r  c o n d i t i o n s  proved t o  be a d i f f i c u l t  t a s k .  For t h e  
devices  t e s t e d ,  t h e  j e t  and p l a t e  dev ice  proved most e f f e c t i v e .  The j e t  and 
s h i e l d  dev ice  w a s  second wi th  t h e  mechanical brush and v i b r a t i n g  s u r f a c e  
dev ices  t h i r d  and f o u r t h ,  r e s p e c t i v e l y .  
e f f e c t i v e .  
t e s t i n g  t h e  concepts  was s m a l l  (-256 cm ). 
I 
I '  
None of t h e  dev ices  proved completely 
Because of experimental  c o n s i d e r a t i o n s ,  t h e  s u r f a c e  area involved i n  
2 
With r e s p e c t  t o  s p e c i f i c  working f l u i d s  o r  m a t e r i a l s ,  f o r  t h e  j e t  t h e  
incompress ib le  f l u i d s  proved more e f f e c t i v e  than  t h e  compressible  f l u i d s .  Of 
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t h e  incompress ib le  f l u i d s  t e s t e d ,  methyl chloroform ( i n h i b i s o l )  gave t h e  b e s t  
performance. 
b e s t  r e s u l t s .  
promising . 
For t h e  s h i e l d  m a t e r i a l  t h e  a r s e n i c - t r i s u l f i d e  s h i e l d  gave t h e  
For  t h e  brush  m a t e r i a l ,  t h e  Styrofoam proved t o  be  t h e  most 
The f a c t  t h a t  t h e  presence  of t h e  s h i e l d  caused t h e  p l a t e  tempera ture  t o  
become less s e n s i t i v e  t o  t h e  l e v e l  of dus t  contaminat ion appears  s i g n i f i c a n t .  
For s i t u a t i o n s  where dus t  cannot  be prevented o r  removed, t h e  use of a s h i e l d  
would t end  t o  reduce t h e  i n c r e a s e  i n  p l a t e  tempera ture .  
P r e d i c t i o n  o f  p l a t e  s u r f a c e  temperature w i t h  dus t  contaminat ion and 
wi thout  t h e  s h i e l d  appears  t o  pose no problem provided a c c u r a t e  p r o p e r t y  d a t a  
a r e  a v a i l a b l e  f o r  t h e  s u r f a c e  a s  a func t ion  of dus t  coverage. For  t h e  case  
involv ing  t h e  p l a t e  covered by t h e  s h i e l d  wi th  dus t  on t h e  l a t t e r ,  a c c u r a t e  
p r e d i c t i o n  of p l a t e  tempera ture  i s  more d i f f i c u l t  and dese rves  f u r t h e r  s tudy.  
I n  t h i s  r e s p e c t ,  more a c c u r a t e  and complete v a l u e s  of t h e  r a d i a t i v e  p r o p e r t i e s  
of t h e  s h i e l d  material  a re  d e s i r a b l e .  
I n  t h e  course  of t h e  r e s e a r c h  e f f o r t  s e v e r a l  new concepts  were envis ioned  
which appeared promising bu t  were no t  adequate ly  s t u d i e d  due t o  l a c k  of t i m e  and 
funds. 
c o n t r o l  c o a t i n g ,  and a l lpee l -of f l l  t r a n s p a r e n t  shee t .  These concepts ,  a long  wi th  
t h e  e l e c t r o s t a t i c  concept f o r  which complete t e s t i n g  w a s  no t  accomplished, appear  
worthy of f u r t h e r  s tudy.  
These inc luded  a t r a n s p i r a t i o n  c leaning  a c t i o n  involv ing  a porous thermal  
The most g e n e r a l  conclus ion  t h a t  can be reached based on t h e  d a t a  
c o l l e c t e d  i s  t h a t  cons ide rab le  work remains t o  be done be fo re  t h e  optimum 
dus t  removal /prevent ion system can be  e s t a b l i s h e d .  Furthermore,  f o r  each l u n a r  
c r a f t  o r  l u n a r  miss ion ,  a s p e c i a l i z e d  dust removal /prevent ion system may be 
r equ i r ed .  I f ,  however, dus t  contamination proves  t o  be  a problem i n  l u n a r  
e x p l o r a t i o n ,  t h i s  r e sea rch  e f f o r t  r ep resen t s  a n  i n i t i a l  s t e p  toward t h e  s o l u t i o n  
of t h e  problem. 
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